Aims/hypothesis Diabetic cardiomyopathy (DCM) is associated with suppressed autophagy and augmented apoptosis in the heart although the interplay between the two remains elusive. The ability of mammalian sterile 20-like kinase 1 to regulate both autophagy and apoptosis prompted us to investigate it as a possible candidate in the progression of DCM. Methods Wild-type, Mst1 (also known as Stk4) transgenic and Mst1-knockout mice were challenged with streptozotocin to induce experimental diabetes. In addition, cultured neonatal mouse cardiomyocytes were subjected to simulated diabetes to probe mechanisms. Results Mst1 knockout alleviated while Mst1 overexpression aggravated cardiac dysfunction in diabetes. Diabetic Mst1 transgenic mice exhibited decreased LC3 expression and enhanced protein aggregation. In contrast, typical autophagosomes were observed in diabetic Mst1-knockout mice with increased LC3 expression and reduced protein aggregation. Mst1 downregulation promoted autophagic flux as demonstrated by increased LC3-II and decreased p62 expression in the presence of bafilomycin A1. Furthermore, Mst1 overexpression increased, while Mst1 knockout decreased, cardiomyocyte apoptosis both in vivo and in vitro. Coimmunoprecipitation assays showed that Mst1 overexpression promoted Beclin1 binding to B cell lymphoma 2 (Bcl-2) and induced dissociation of Bcl-2 from Bax in diabetic mice. Conversely, Mst1 knockout disrupted the Beclin1-Bcl-2 complex and enhanced the interaction between Bcl-2 and Bax. Conclusions/interpretation Mst1 knockout restores autophagy and protects against apoptosis in cardiomyocytes, en route to the rescue against DCM.
Introduction
Diabetes mellitus is projected to reach pandemic proportions over the next few decades, with a WHO-estimated global prevalence of 330 million in 2025 [1] . Diabetic cardiomyopathy (DCM) is a unique heart muscle-specific disease that increases the risk of heart failure and mortality in diabetic patients independent of coronary artery disease or hypertension. Two-thirds of diabetic patients die from cardiovascular disease, highlighting the pertinent need for understanding and management of cardiovascular complications of diabetes including DCM [2] [3] [4] [5] .
Autophagy is a conservative bulk degradation mechanism through which cytosolic proteins and organelles are sequestrated into autophagosomes to be degraded by lysosomes. There is ample evidence for the essential role of autophagy in maintaining organelle function and protein quality via the removal of damaged organelles and protein aggregates [6] . Accumulating findings have demonstrated that autophagy is centrally involved in DCM, where apparent metabolic disorders and impairment of cardiac function exist concurrently [7, 8] . Recent work from our group also showed inhibited cardiomyocyte autophagy in a mouse model of type 1 diabetes, suggesting that inhibition of autophagy may contribute to the pathogenesis of DCM [9] .
Mammalian sterile 20-like kinase 1 (MST1) is a 487-amino-acid serine-threonine kinase and forms part of the 'Hippo' signalling pathway, which regulates cell proliferation and organ size [10, 11] . MST1 has been shown to serve as a key component of a multistep signalling pathway that controls the expression of genes associated with autophagy and apoptosis [6, [10] [11] [12] . More recent studies have suggested a cardinal role for MST1 in the development of cardiac dysfunction through inhibition of autophagy and facilitated accumulation of protein aggresomes [6] . Overexpression of MST1 initiates apoptosis, whereas inhibition of endogenous MST1 prevents apoptosis and cardiomyopathy in response to pathologically relevant stresses [11, 12] . Interestingly, our recent studies have found suppressed autophagy and augmented apoptosis in diabetic hearts. To this end, the current study was designed to investigate the potential role of MST1 in mediating diabetic cardiac injury and to elucidate the mechanism by which MST1 regulates autophagy and apoptosis in the pathogenesis of DCM. F-FDG) positron emission tomography-computed tomography (PET/CT) scanning was performed using an animal PET/CT scanner (Mediso Nano PET/CT, Boston, MA, USA) as described previously [13] . See ESM Methods for details.
Methods
Echocardiography Echocardiography was conducted in M-mode using an echocardiography system with a 15 MHz linear transducer (Vevo 2100; VisualSonics, Toronto, ON, Canada) as described previously [13] . See ESM Methods for details.
Immunoblotting The following antibodies were used: p-MST1(Thr183), MST1, Beclin1, p62, cleaved caspase-3, cleaved caspase-9, Bax, Bcl-2, LC3A/B, Atg7, AMPK, p-AMPK (Thr172), β-actin, GAPDH; and secondary antibodies (anti-mouse/rabbit IgG) conjugated with horseradish peroxidase (1:5000, Cell Signaling). See ESM Methods for details of the immunoblotting procedure and antibodies.
Primary neonatal mouse ventricular cardiomyocytes culture and transfection Primary cultures of ventricular cardiomyocytes were prepared from 1-day-old non-transgenic mice. Cells were cultured in DMEM supplemented with 10% fetal bovine serum (Hyclone SV30087.02, Logan, UT, USA) and 1% penicillin/streptomycin and maintained at 37°C in 5% CO 2 as previously described [14] .
Transduction of adenoviruses The adenovirus harbouring green fluorescent protein-LC3 (GFP-LC3) was purchased from GeneChem technology (Shanghai, China). The adenoviruses harbouring Mst1 (Ad-Mst1) (MOI:100), Mst1 shRNA (Ad-shMst1) (MOI:100) and control vectors for Ad-Mst1 (Ad-Control) and Mst1 shRNA (Ad-LacZ) were purchased from Hanbio Technology (Shanghai, China) and were transduced 24 h after transduction of GFP-LC3 (14) . After 36 h, the cardiomyocytes were treated with either regular glucose medium (5.5 mmol/l) or high-glucose medium (30 mmol/l) for 48 h.
Detection of GFP-LC3, aggresomes and p62 Fluorescence microscopic detection of GFP-LC3, aggresomes and p62 were conducted according to the manufacturer's instructions as previously described [14] . See ESM Methods for details.
Construction of short hairpin RNA adenoviral expression vectors The generation of adenoviruses GFP-LC3 is described elsewhere [14] .
Determination of cardiomyocyte apoptosis Cardiomyocyte apoptosis was determined by TUNEL staining, flow cytometric analysis and western blot evaluation as previously described [15] . See ESM Methods for details.
In vivo glucose homeostasis An IPGTT was performed to measure blood glucose levels. See ESM Methods for details.
Electron microscopy Autophagosomes and mitochondrial were detected by transmission electron microscopy. See ESM Methods for details.
Citrate synthase, chain complex activity and ATP content Citrate synthase, electron transport chain complex activity (complex I, II, III, IV and V) and the ATP content of the myocardium were measured according to the standard protocols. See ESM Methods for details.
Measurement of mitochondrial membrane potential JC-1 (Beyotime, Jiangsu, China) was employed to measure the mitochondrial membrane potential (ΔΨm) of cardiomyocytes. See ESM Methods for details.
Statistics Statistical analyses of differences between groups were carried out using unpaired Student's t test, one-way ANOVA followed by a Fisher's post hoc comparison test or a two-way ANOVA with multiple post hoc comparisons. A p value of less than 0.05 was considered significant. Statistical analyses were done using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). 
Results
Mst1 knockout alleviates cardiac dysfunction in diabetic mice 18 F-FDG imaging was used to quantify cardiac glucose metabolism. Diabetes led to a defective 18 F-FDG uptake in the heart and this defect was significantly improved by Mst1 knockout (Fig. 1a, b) . Representative M-mode echocardiograms are shown in ESM Fig. 1a . Left ventricular ejection fraction (LVEF) and left ventricular fraction shortening (LVFS) were significantly higher in the DM + Mst1 −/− group compared with the DM group (Fig. 1c, d ). 1g ). Baseline variables of the mice are shown in ESM Table 1 . The IPGTT showed that the mouse model of diabetes was constructed successfully (ESM Fig. 2 ). Mst1 knockout induces autophagy and reduces accumulation of protein aggresomes and p62 in cardiomyocytes There was a significant increase in p-MST1, MST1 and p-MST1/MST1 ratio after high-glucose culture and a significant reduction after Ad-sh-Mst1 transfection as evaluated by western blotting (Fig. 2a) . In cardiomyocytes transduced with GFP-LC3, Ad-sh-Mst1 transfection increased green puncta number as compared with the control group under normal or high-glucose condition (Fig. 2b) . In cardiomyocytes cultured with high-glucose medium, Ad-sh-Mst1 transfection significantly decreased accumulation of aggresomes and p62 (Fig. 2c) . II/GAPDH ratio and decreased p62 expression in the presence of bafilomycin A1, a lysosomal inhibitor used to evaluate autophagic flux (Fig. 3a, b ). In addition, there was a significantly elevated LC3-II/LC3-I ratio and a significantly lower level of p62 expression in the Mst1 −/− group as compared with the WT group (Fig. 3c) . The p-MST1/MST1 ratio was elevated, while Beclin1 expression and p-AMPK/AMPK ratio was decreased in diabetic hearts (Fig. 3c) . Interestingly, the p-AMPK/AMPK ratio was increased in the DM + Mst1 −/− group compared with the DM group (Fig. 3c) .
Co-immunoprecipitation assays and western blot analysis were performed to elucidate how MST1 inhibits autophagy. STZ-induced experimental diabetes promoted the interaction between Beclin1 and B cell lymphoma 2 (Bcl-2) (Fig. 3d, e) . Mst1 knockout decreased the p-MST1/MST1 ratio, increased Beclin1 expression and consequently disrupted the association between Beclin1 and Bcl-2, suggesting that MST1 is a physiological kinase mediating the interaction between Beclin1 and Bcl-2 ( Fig. 3c-e) . Assessment of cardiac function revealed that 3-MA significantly depressed LVEF as well as LVFS and increased LVESD and LVEDD in diabetic mice.
Meanwhile, the protective effects of Mst1 knockout were reversed by 3-MA administration in diabetic mice (ESM Fig. 3a-d) . Autophagosomes, evaluated using transmission electron microscopy, were significantly increased in the Mst1 −/− group compared with the WT group regardless of diabetic state (ESM Fig. 4a ). Ad-sh-Mst1 transfection significantly increased the number of autophagosomes as compared with the control group under normal and high-glucose conditions (ESM Fig. 4b) . Furthermore, Mst1 knockout improved mitochondrial biogenesis and mitochondrial function in diabetic mice (ESM Fig. 4c-f ).
Mst1 knockout inhibits cardiomyocyte apoptosis by association of Bax and Bcl-2 Photomicrograph images showed that TUNEL-positive cardiomyocytes were more abundant in the DM group than in the WT group; this effect was negated by Mst1 knockout (Fig. 4a, b) . Concomitantly, levels of cleaved caspase-3 and cleaved caspase-9 were downregulated by Mst1 knockout in the setting of diabetes (Fig. 4c) . Mst1 knockout inhibited highglucose-induced cardiomyocyte apoptosis ( Fig. 4d-f ). Mst1 knockout increased the association of Bax and Bcl-2 in diabetic mice, as shown by co-immunoprecipitation assays (Fig. 4g, h ). The results of flow cytometry analysis showed that Ad-sh-Mst1 transfection significantly decreased the apoptosis rate of cardiomyocytes as compared with the control group under highglucose conditions (ESM Fig. 5 ). Mst1 overexpression aggravates cardiac dysfunction in diabetic mice Our data revealed that diabetes led to a defective 18 F-FDG uptake in the heart, an effect that was significantly aggravated by Mst1 overexpression (Fig. 5a, b) . Representative M-mode echocardiograms are shown in ESM Fig. 6a . LVEF and LVFS were further decreased in the DM + Tg-Mst1 group compared with the DM + NTg group (Fig. 5c, d ). Diabetic Mst1 transgenic mice exhibited increased LVESD and LVEDD as compared with the DM + NTg group (Fig. 5e, f) . Representative mitral flow patterns from pulsed Doppler are shown in ESM Fig. 6b . The E/A ratio was further decreased in the DM + Tg-Mst1 group compared with the DM + NTg group (Fig. 5g) . Baseline variables are shown in ESM Table 2. IPGTT results showed that the diabetic model was constructed successfully (ESM Fig. 7 ). There were significantly fewer autophagosomes in the Tg-Mst1 group compared with the NTg group regardless of diabetes state (ESM Fig. 8a ). AdMst1 transfection significantly decreased the number autophagosomes as compared with the control group under normal and high-glucose conditions (ESM Fig. 8b ).
Mst1 overexpression inhibits autophagy and increases accumulation of protein aggresomes and p62 in cardiomyocytes There was a significant increase in p-MST1, MST1 and p- (Fig. 6a) . In cardiomyocytes transfected with GFP-LC3, Ad-Mst1 significantly decreased the number of green puncta when compared with the control group under both normal-and high-glucose conditions (Fig. 6b) . The accumulation of aggresomes and p62 was markedly greater in the AdMst1 group than in the control group under both normal-and high-glucose conditions (Fig. 6c) .
Mst1 overexpression inhibits autophagy by interaction of Beclin1 and Bcl-2 Ad-Mst1 transfection inhibited autophagic flux, as demonstrated by decreased LC3-II/GAPDH ratio and increased p62 expression in the presence of bafilomycin A1 (Fig. 7a, b) . Consistent with this, western blot analysis revealed a reduction in the ratio of LC3-II/LC3-I and accumulation of p62 in the Tg-Mst1 mouse hearts compared with nontransgenic hearts regardless of diabetic state (Fig. 7c) . In † p < 0.05 vs Tg-Mst1; ‡ p < 0.05 vs DM + NTg. Scale bars, 20 μm; BAF, bafilomycin A; Con, control; HG, high glucose addition, the p-AMPK/AMPK ratio was further decreased in the DM + Tg-Mst1 group as compared with the DM group (Fig. 7c) . Co-immunoprecipitation assays revealed more binding of Bcl-2 to Beclin1 in the Tg-Mst1 group than in the nontransgenic group regardless of diabetes status (Fig. 7d, e) . These results further demonstrated that MST1 inhibition of autophagy is mediated by regulation of the association between Bcl-2 and Beclin1. Treatment with the AMPK activator metformin significantly increased LVEF as well as LVFS and depressed LVESD and LVEDD in diabetic mice; consistently, the effects of Mst1 overexpression were reversed partially by metformin administration in diabetic mice (ESM Fig. 9a-d ).
Mst1 overexpression induces cardiomyocyte apoptosis by dissociation of Bax and Bcl-2 The percentage of TUNELpositive cardiomyocytes was significantly increased in the DM + Tg-Mst1 group when compared with the DM + NTg group (Fig. 8a, b) . Furthermore, protein levels of cleaved caspase-3 and cleaved caspase-9 were increased in diabetic hearts, with a more pronounced rise in Mst1-overexpressing transgenic mice (Fig. 8c) . Flow cytometry and representative TUNEL images also demonstrated that Mst1 overexpression resulted in an increase in the ratio of apoptotic cardiomyocytes cultured in high-glucose medium (Fig. 8d-f) . Compared with the DM + NTg group, Mst1 overexpression in diabetic mice significantly interrupted the binding between Bax and Bcl-2 as assessed using the co-immunoprecipitation assay (Fig. 8g, h ). Flow cytometry analysis showed that Ad-Mst1 transfection significantly increased the apoptosis rate of cardiomyocytes as compared with the control group under high-glucose conditions (ESM Fig. 10 ).
Discussion
Diabetes mellitus is associated with significantly higher cardiovascular morbidity and mortality when compared with normoglycaemia. Heart failure in diabetic individuals has an alarmingly high prevalence, incidence and mortality, yet the underlying pathogenesis of DCM remains unclear [3] [4] [5] 16] . The major findings from our current study revealed decreased myocardial glucose uptake and impaired cardiac diastolic and systolic function in diabetic mice. Interestingly, Mst1 knockout improved myocardial glucose uptake and cardiac function in experimental DCM. Furthermore, Mst1 overexpression aggravated the development of DCM. These data indicated that an MST1 inhibition-mediated physiological process may constitute a protective mechanism against DCM (Fig. 9) .
Autophagy may be either protective or detrimental depending on the extent of autophagy and on cell type and cellular environment. In the heart, constitutive autophagy is a homeostatic mechanism involved in the maintenance of cardiac structure and function [6, 17] . Suppression of autophagy to below the physiological level may promote heart failure with enhanced protein aggregation, suggesting a permissive role for autophagy in the maintenance of cardiac function [18] . In our hands, diabetic Mst1 transgenic mice overexpressing Mst1 exhibited decreased LC3 levels and enhanced protein aggregation. In contrast, typical autophagosomes were observed in diabetic Mst1-knockout mice with increased LC3 expression and alleviated protein aggregation. Most notably, the protective effects of Mst1 knockout in diabetic mice were reversed by administration of 3-MA, an inhibitor of autophagy. These observations provide some evidence to support the notion that MST1-suppressed cardiomyocyte autophagy may represent a critical event in the development of DCM.
Beclin1 is a Bcl-2 homology 3 (BH3) domain-only protein that plays an important part in autophagy initiation [19] . Accumulating evidence points to the existence of an interaction between Bcl-2 and Beclin1. The binding of Bcl-2 to Beclin1 inhibits autophagy via sequestration of Beclin1 away from class III phosphoinositide 3-kinase (PI3K) [20] [21] [22] . AMPK activation also results in the disruption of the association between Beclin1 and Bcl-2, allowing the free Beclin1 to bind to class III PI3K to form the kinase complex, which is essential for the induction of autophagy [8, 23] . In the present study, the interaction between Beclin1 and Bcl-2 in hearts from diabetic mice was also investigated. Co-immunoprecipitation assays showed that Mst1 overexpression promoted Beclin1 binding to Bcl-2. Conversely, Mst1 knockout disengaged the Beclin1-Bcl-2 interplay, thus promoting autophagy and subsequent elimination of protein aggregates. Interestingly, we observed an increased p-AMPK/AMPK ratio in the Mst1-knockout mouse group as compared with the DM group. AMPK activator (metformin) attenuated Mst1 overexpression-induced cardiac dysfunction in diabetic mice. These data indicate that Mst1 overexpression inhibits AMPK phosphorylation and positively engages the interplay between Beclin1 and Bcl-2, thus leading to the inhibition of autophagy.
The interplay between autophagy and apoptosis is pivotal in the pathogenesis of DCM [8] . Several studies have demonstrated that increased autophagy promotes cell survival under conditions of nutrient deprivation or growth factor withdrawal through inhibition of apoptosis [24, 25] . MST1 is a pro-apoptotic kinase that also regulates autophagy. The ability of MST1 to regulate both autophagy and apoptosis may contribute to the development of DCM. In the current study, Mst1 overexpression increased cardiomyocyte apoptosis both in vivo and in vitro. Bax is also a BH3 domain-containing protein that can bind to Bcl-2. Attenuation of the interaction between Bcl-2 and Bax enhances apoptosis by allowing Bax to take an active conformation. We then examined whether MST1 disturbs the interaction between Bcl-2 and Bax in addition to promoting the interaction between Beclin1 and Bcl-2. As expected, Mst1 knockout enhanced the interaction between Bcl-2 and Bax in diabetic mice. Thus, an MST1-induced dissociation of Bcl-2 from Bax, which enhances apoptosis, may also contribute to the development of DCM.
In summary, we demonstrate here that MST1, a proapoptotic signalling kinase, may facilitate the progression of DCM by inhibiting autophagy. MST1 induces interdependent modulation of Beclin1, Bcl-2 and Bax, thereby regulating autophagy and apoptosis simultaneously (Fig. 7) . Our results provide new insight into the regulation of autophagy and apoptosis in the development of DCM. MST1 may represent a novel target for the treatment of heart failure in diabetic individuals.
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